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Energy Levese in tedium :elaght suelei from the (p,n) resotíon 
By Joseph Arthur Lovington 

За ред Гог the degree of Venter of Selence in Thyaies in 
the Department of Physics on May 15, 1951 


The neutron yields from the reactions or? 3 (p,n) end 
er^ ^ (p, n) were investiaznted using monoenergatio protons 
from the Rockefeller Generator, The target isotopes wore 
obtained in enriched form from the Oak Ridge National Labo- 
retory and eveporated onto tantalum buckings to fora thin 
targeta of known thiekness, Standerd techniques and instru- 
ments were used {iJ the detection and counting of the neutron 
yield, Plots of the neutron yield es a function of proton 
energy show numerous resonances which are considered to in- 
áloate the existence of euergy levels in tho compound nue 
cle! мд?“ and Yn?2, The spacing of these levels is quite 
irregular end only averege values of the spacing oan be de- 
termined. The observed level specing of the two compound 
nuclei is compared et equal exeitetion energies relative to 
certain characteristic levels recently described, The мп?5 
ja observed to have a level spacing sli-htly larger than 
the unk. This difference in spacing can be qualitetively 
accounted for by postulating multiplet levels whose multi- 
plicity ia based on quantum mechanical combinations of orbi- 


tel and intrinsic angular momentum 
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The thrashold for tha ar?) (p n) reaction ia doter- 
mined to be 1,406 + „008 Нет anê ror the Or^*(p,n) 2.203 
+ «005 Мет, From these threshold energiss and published 
mesasa of Cr?’ and οσα, the messes of Im? und ац?“ are 
determined to be 52095590 > „00054 emm and 53.95574 + 
«00048 amu rospectively. 
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Ву meeeuring the asutron yísia fros (p,n) reactions 
asa function of proton enercy, information ls obteíned econ» 
earning the threshold of the resetion and the apecing and 
widths of the energy levels of the gompeund nuslaus, From 
the threshold energy, the muss either of tha target nucleus 
or of the residual nucleus may be oomputed, srevided the 
mena of the other is known, 12549 neutron yield shows maxima 
whioh oorrespond to energy lsvela of the conpounót nucleus» 

Previous experiments using the Uboxoefsllor elsotro- 
Stetio gensarétor ва а source inoluded the uas of vonecium 
end seandiua aa tergets by kor από Howell (fi, 12), car 
bon by iáass0n (2.1, AZ) and паприпеве uy locua (Vilje The 
present investigation uss enriched isotopes of ohromiun 
(ay? I ana a, ‘zperinents оп съвет elements ere іп рео» 
gres. 

Theory predicts that the level structure of ө nuclide 
depsuda upon whether tie nuclide ls oda or evan, The two 
laotopes of aromi um, er’? and dh are pertioulerly well- 
suiteó for this conperison. They are evaílecle in appro» 
elably entiched form fram tie Oak 4iáge Hationsl Laboratory 
und dureble tuin targets ean be prepared. whe threshold 
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energias, although not soourataly known prior to tula work 
(11), vero believed to be In the working range (0.5 to 5.0 
Mer) of cur ocoeleretor, 
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de. BER а. 
To obtain neutron yicids об за? е ап 17 good годе 


lution, the energy of the bonborcing proton mast be крони 
wether precisely.  "urthareore, this snersy mat be main- 
tained constant during tne period of observations 

The Reokefeller ceuerater, of the Van 66 Graaff type, 
fulflils these requirements. Ths operation and use of thia 
generator are vdeyustely deseribed in the literatere (41, 
El, 41, mM, 1). 

Tha analyzed beam of tie generator ls usag to bombard 
tha ghromius teresta and the neutron yíielás ars datasted 
und Seugured by standard techaludis 





A recent гей пазен to tie resolution ef ths ganeri- 
tor La the moelsar resenecós method of controlling (he field 
of the analyzing magnet. Tola úerios provides fino control 
aná &Ocurote nessurenent of tae enerpy of the proton Denie 
The frequeney of the proton resonance (in a gell of water; 
is measured enc related to the anergy of tia protons ia the 
bsan by 1. kr? (92), Ву metguring the Srs ueney or proton 












Saet vi Fens ih mg aA Y a oe d 
ынд — 
ааш навое иене v 

mnn ο ο ο... Û 
Aint wa smilie Y ست‎ лаат) владале ο; s) 
Amrum sari cabinas mira η πω 
al mera مشا بد ف‎ κ) Γι G — 
ο ο ο. 
e al «em e эъ палыше пар тї ονακώνε ο 
———— A" νά «κ 





. ~ 


Pesonsnos of a known (г,й) thraehoeld (ror 4(5.) р" 
1.882 1 „002 {И$) } tbo volue o£ "k" is determinad,. 

By using other Enoun t^leshoiüs ior a-solute naugure- 
mente cad the musa 2 beam 07 Lis souros Dor reletive деве 
warenents, it hss been shown Όπεν the sveumption that "k" 
{ай a function of protono energy) 19 constant, introduoes am 
error of lear tian + 1 ev la proton energy over the range 
of unergiscs aged in this invastigation, The fre,uensy of 
resonenes бап be measured te 1 purt in 106,000 which raso- 
Aution is aguivelant to sn uneerteinty in proton energy of 
less then « 25 ev. The finite widiis ef the defining elite 
introcues on energy press in the baam whieh Preston and 
%telson (71) have shown to bs leas than | 230 av. The him 
tory of ihe gesaretor abowa thet Yarlationa in "e" with 
tins may ba axpected. Rasuklta, based on tects soutneted 
bofors and siter the axperimental werk of thie thesis inéle 
Gate thet thie variation will ecuse en uncerteinty of 1688 
than = 3 Eev in the proton anergy. Попа examples of the ree 
produsibility ог dete over periode of “ine ars shown in 
Chapter IV, 

Та determining the absolute valus cf ë ракы бак 
proton energy the asove ungertaiatica may ba combined to 
give & resultant of : he? Бот. To allow Tor unsossura ble 
factors (Ose operator Judgment), 6 velue of . 5 Lov 15 
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taken us the total unoartainty in proton energy. Помочег, 
fer relative seasuresents such es 10701 amelne end level 
widthe, the uncerteiatieas in "Е" may be neclaeted «o0 ro- 
Rative uncarteinty in proton energy say пе considered Lo 
be lena than j 300 av. 


Das seutron yisió wis deteoied by a "long counter“ 
as described by Nanson ana Kelibben (Ul). The pulses from 
tho counter wire ad through a Yodel 101 premamplifier and 
6 Wedel 190 amplifier (X1) end seunted by a someercial sea~ 
ler. 

The “long counter” wes pleced 1” from the terget with 
ite axis at iaht engles to the beam, Tuis arrangement 
proved to be essential in the probos energy recion of 1.5 
мет where the neutron yield was Small, und ast inconvenient 
in the hisher energy regione where hizher yields ware ane 
eounntered. Tlsolne the counter at right engles te tha Dank 
instand of peruliel ia beileved to alter the desirned вавай» 
tivity but «lightly. 

The Reekefaller genervior ia quipped with à beam cure 
rent iuteerater whieh measures the charges striking the tar- 
eet. This quentitf, rather then tide, was naat ss the busia 
for determining the vounting rata. 
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The enriched chromiue Luctopes (653 and er”) vere 
ounod by the Osk 144г9 National Lé&boratory. They were 
supplied ва Or 019 Table III-À ahowa tho apeotographis 


anplyses which aesompaniad the samples, 


— فس 


AL 

B 0.015 
oe 9.08 
Ou 9.02 
Te 0.04“ 
"g G. 02" 
xi 0.08” 
81 0,15 
ha - 
vo - 
va ° 


0.04% 


0.02” 
0.047 
9.02 

0.15 

0.0%“ 
9.04 
0.0 


*batsoteá but less then limit of determination 
πο.” other than those listed were not 
acted 


Table lii-1 
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Kone of the quantities shown is auffloisut to effect the 
present work. 

Beosuss the isotopes were enriched rether than dom 
pletely separsted, their smau spactroascopie analyses ars 
important. These were provided by Gil. end are shown in 
Таще Т11-2, 


ст20 he 34% 0.1937 0.24 
C. ungtable - - 
сє” 83.76 9.28 7.0 
си?) 9.55 9:06 3.9 
e 2.38 0.465 89.0 
Table 111-2 
2, Горди ода. 


The ΟΣ 20. weg avaparatsá onto а tantelanm bucking by 
Baird Associates of Cambridge, Meseachusetts. Their experi- 
enoe with other elements, pertículerly uengsnese, anabled 
them to provide targets of apeaified thicknese with в very 
good accursoy on the first attenpt. This suceess waa fortue 
пабе Ъзовцзо the supply of enriched metarial was Limited. 
one on?) target (1.5 Ker thiok) and two Gr” targets (1.5 
end 2.5 Kev thick) (ref, Chapter IV} were used for the de- 
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tailed yield curves, Thicker tergots of ehout 20 Кат vere 
usec to determine tbe türasholó enercios, 

The thin targets proved to be exoe опа Ду stale 
and rugged, They were subjected to proton beens of 6-8 
mieroamperes for perioós vp to 12 howra witheut mensura ble 
decresso in ylaló. The thicker targets were sosewhat less 
zuggad, In their senifeciurs their surfaces became crazed 
and under strong besos they suffered some loss of materiel, 

The condition ef the Ioen spealfies, the return of ell 
enriehsd material, Thie required special onre in the evap- 
oreting process. In order te trap any stroy chromium whioh 
might otherwise be evacuated to the aimed kero, Toll and 
£less ohinneyu wero uRoû to surround the terget beoking end 
the oruoiola, 

Tantalum wes used aa target backing beosuso it pro" 
éuoea a nacliglble amount (if any at all} of neutrons when 
bombarded by protons of energías within the linits of our 
&Suroge, The background curves shown in the eppencioes were 
taken using clean bare tentalam os « target. The small 
yields observed sre believed to come from reactions within 
the analyzing chamber of the generuter, 1:6 ове сг а ратне 
ffin shatow cone in the line ef the beam between target and 
counter reduced the bsckzround count sy 20% indéleating thet 


most ef the background neutrons era secttered from the wella 
and floor of the chamber room, 
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le Consraz. 

The neutron yields from tise enriched isotopes or” 
aná Gr^* in the (р.п) reaction were investigated over pro” 
ton energies of 1.40 to 2,47 Кет. The plots of theses yields 
ere included ag sppendiecws / ami 8, “or sonve. tenes the 
Yieléa wera originally plotted èg a fanetion of tha frequen 
ey οἵ the rssonenoe gontrol, Leter the freoueney units were 
oonverteé to energy unite (Chapter IT}. This ageounts for 
the elizkt non-linearity of the snergy sosle, Tha ordinate 
908163 aro veriad for clarity of presentetion. 

Та sxparisents of this type it ia important thet the 
optimum energy (frejueney) intervels be used, Tt oan be 
readily seen thet if the intervals uasd are not greeter than 
the width at tie helf-ansiow: value of the observed көзбе 
nanoa lavola (a resultant of widthea dus to target tiicknesa, 
proton energy apresd, and true (p,n) resonaneo], in ho case 
will mors than half of the true muximum value of the level 
ὃς προσ.  Intorvals of 1/3 to l/A of the width at half} 
maximum ara desirable for good Qeteil in the gurvsa. The 
width (1.9. energy spread) cue to target thickness ia the 


Tector most susceptible of control. The thinner the targst, 
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tha better oan ths (p,n) resonences be resclvad.  "owler 
et al (Yl) Alsouss effects and measurements of tko compo- 


nenta ef observes resonance widths, 


R. Пода, 

Tas enricnad бе?^ {φοῦσφο (2.5 Kev target) wes {re 
voestigated Tiret, In the energy region balow 2.2 Wev, the 
yield wen quite stá&ll, although definite resonances were 
observed. From the assured widths of tie bestedefined 
резка, it apypeerad reesenable to vary tie proton energy in 
steps ef adout 1.8 Кот (5 Ke in frequency). Above 2.2 Way 
of proton energy the yield inersesed markedly and tha rego- 
nances became better defined, The yield wes investisuted 
up to 2.47 Nave 

The enriched or?? ieotope (1.5 Kev target) produced 
shout 9 times as much yield es did the or? in the region 
below 2.2 Mev ond the resonences were better defined. The 
or? target wes thinner then the first or? target aná the 
level widths indicetsd that proton опегпу stens ef ebout 
600 ву. (2 Ko in frecuency) should be used. То obtain equi- 


valent resolution the 1.5 Kay ono 


terget wos prepared end 
the yield ebove 2.2 Fev investigated, 

4 comparison of the two yield curves Below 2.2 “ev 
of proton energy showad thet all resonont peaks wLiloh ape 


poóred in the enriched or?4 ware present and betisr resolved 
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in the enrichad on? 3, This ова ve s090unted for by the 
presence (3.9%) of e? in the enriched съ? moterisl. Figo 
üre IV-l ig a representative ssipis of tnis compsrison. A 
determination of the effeot of this wll amount of on? in 
the sariched or? was meade. Ry sesuming thet the gama ratio 
lapproximutely 1/9) of or’? ylelés axistad ebove 2.203 Mev, 
as did below this energy, 1/9 of the yûsid of enziched Cr? 
was subtraeted from tbe yield of enriobod 0024, Ho appre- 
eiable change in tha oherasoteriatios (i.e. no levela ware 
eliminated or new ones defined) ol tha Or^* curve were noted. 


This sorrection la not included in the yield curves of am 
pendix δι 





with the censlderations of saetion 2 above, the threa- 
hold for the 024 (рап) reaction us determined from the thin 
target ota (eppendiz 5j 1s 2.202 5 „005 Kev. a thicker 
target (20 Kev) wis prepared in order to verify this velta. 
Figure IV-2, 6 plot of tie yleid trom tiles terget, shows the 
threshold to 116 st 2.204 2 .005 sev. Tt іа concluded that 
the best value of threshold energy for Or^"(p,n) іа 2.203 
£ .005 Nava 

The threshold of the or” (ра) wus 1985 не11-461пе4, 
At the lower preton energies the yiald wes quito low becnues 
of the coulomb barrier (6.6 wer) und the yield of tho thin 
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Figure 1Y-1 
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The enriched Gr?4 curve shows 5 amall neutron 
gied om the prasenoe of cr53 (3.9%) below 
he 017% (p,m) thresholé (2.202 + „005 Иву.) 
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NEUTRON YIELD (COUNTS /HGOULOMB) 


Cr? tpm Mn?^ 


THRESHOLD MEASUREMENT 
WITH 
20 KEV TARGET 


2.190 2.210 
PROTON ENERGY 


(MEV) 





2.230 





- 28 = 
er?’ 
tergst of or’? WES 6180 prepared, “igure IV-3 showa tho rë- 
suits ext places the threshold for m o ni въ 1,406 » „008 


target wees net investignted below 1.419 Mev. / thieker 


Μεν. The lerger error is easiegned because Of tle poorer sta» 
tistics. 





As seen an the ylald curves of the aypendiess, the 
Glatribution ог the resonant peaks ig not uniform. It ig 
practical to consider ozly avarece spacing of the energy 
levels. Spucinga us averaged over different proton energy 
ranges oro shown in Teble 1Y-1, 





сега 
1,420-1,620 Mev 40 5,0 tev/level 
1.520-1.679 53 4.7 
1,870-2.160 $3 4.6 
2.169-2.470 67 4.6 
1,420-2,470 223 Total he? 
aro а} 5154 
2.202-2.470 $3(1.5 Kev target] Sel 
2. 293-52 α ΤΌ 38(2,5 Kev terget) 7,9 


Teble IY-1 
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οὐ p,n) Mn 
THRESHOLD MEASURMENT 
WITH 
COKEV TARGET 


— — — 


— —® A 
— ^ BACKGROUND WITH 
BARE TANTALUM TARGET 


390 1,400 1,410 1.420 1.430 


PROTON ENERGY (MEV) 
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Some of the levels ara poorly defined end othors apparently 
Overl&p so thet they appear as one rather wide level. The 
averaging procesa tends to minimize these uncertainties, 
The widths of the levels at 1/2 maximum are often 
Gistorted by the overlapping of the Levels, То properly 
measure widths, isolated resonant peeka must be used. By 
ssauming that the neturel nuclear resonsnee can be much 
narrower then the target thickness, tha widths of the nate 
rowest резка oan be conaidered a neasure of target thicke 
ness (71). Рог the Gr’? target this was determined to be 
1.5 Kev, for the or*4 1.5 ami 2.5 Sev, The effect of tar~ 
get thickness on observed lavel spening iz sleeriy shown 


by the comparison of the вт?” 


yields for the two ¿diferent 
thickness turgeta (ippencix Bj,  NHesonenos po5ks that ap 
peared asymmetrical or unculy thlok using the д.5 Kev tare 
ве. 

It may ds pointed out that if a statistical distri- 
bution of levels is saeumed with averags apecing C, three 
conditions may exist: (1) рси (2) De W (3) D>W where 
Wis the resolution of the instrument. Me cheerved level 
specing for the three conditions will be (1) = - (2) τ 
(3) — Es Inasmuch аз Г la observed to be 4-5 Nev und Y 
la + 300 ev (Section IT-2), wo may conclude thet condition 
(3) exists and thet the setusl level spacing are being observed. 
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In this type of experiment, as in most, ability to 
reproduce deta is ап excellent check on the &Ligument of 
equipment and 6&courcey of Gut,  Segheoks of prominent 
portions of the yield curves wars wade when precilcatle 
and especizily efter a shut-down of the generator, Figure 
ТУ-ь shows sone representetive cheeks asde, ha disore- 
penoy in yield of Figure Г!-4(в) 18 ποῦ roaully explained. 
However, the proton energy of tha resonenoe is the wore im 
portant quantity end the displacement alown (approx, 50U ev) 
ia within the expected uncertaluty of tha generator (ref, 
8sotion Ii-2], 
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Figure IV-à 


REPRODICTION от ра APTUS VLRIOUC TIUR INTUZRWViIS 


(a) 
(b) 
(o) 
(ë) 


Enríched Gr?’ target 


Tariened cr} target 


tnriched ar^" targat 


nriaked a” je Proton 
energy below Or2^(p,n) thron- 
borá aná in game region ea 
Figure Tv=bi0j. 
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le Generals 

Current theories of the atrusturs of stomie nueclael 
are in a oontinuing stata of devalopment and modifications 
However, the generally secensted approaches all include oer- 
tain eoneon fundexentals, Among those аге: 

(a) That 1n a nuclesr reeotion (eeme (p,n) } û con” 
pound nucleus ia formed wnoss break-up is independant of 
the mode of formetion (33, Wie 

(D) Thet the energy levels that exist within а nu- 
cleua Qecrease (exponentially) in uveroge spacing with ine 
creasing ezeitetion eneray (93), 

(6) That the energy level speding алво decrenses 
(slowly) with inoreasing ¿e 

Huelenr повава, biadioóg encrgiícs sad renotion threa-~ 
ποιά energies can be computed fairly aeourtétely from tare 
seni-empirioul meas formule (F2). 


2а Level Пра» 


It hee been noted MAL tie spacing of anerey ¿60vele 
will be different for different nuciei depending on whether 
the number of neutrons end protons ia 044 or even ( 2, WA). 


However, Hurwitz and Dethe (14) heve pointed sut thet these 
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fluctuations ara difficult to understand if one повацгоз 
the level spacing at excitation energies which are bussá on 
the ground «states. They have suggested instead that the 
exeitetion energy be measured from в chareoterietic level 
which depends in a smooth way on the number of protons end 
neutrons in the nucleus, and that sueh a level might be the 
neutron binding energy 6&5 com. uted from the seni-enpiriosl 
mass formula without the odd-even term, Hurwitz and Bethe 
further indleate that tho level spscing measured at squeal 
energies reletive to these levela would be expected to be 
the same regerdless of the odd<-uven character of the number 
of neutrons. 

Figure Vel is еп energy level diusrem showing these 
ehareaoteristio levels la and D) for the compound nuclal 
уд?“ and καθ΄, The portions of the proton cnergy ranges 
investigated in this experiment oover tbo regions noer 
these levels, henes a comparison of the level specings 
would be oxpeoted to yield a ratio of unity. AS Suen from 
table IV-1 the ratio odtuined is lel for tue 1.5 Бот tër- 
get date in the vielnity of » and 5, with m?? buving the 
slightly larger spacing. The agreement of certain of the 
computed binding energies with experiment ia given in Table 
Vel 
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Figure Vel 


ENERGY LAVEL PT. GR 0 GT οκ, on™, im^* and * 


en indicate binding energy levele for 
eL on end neutron of indloated nucleus 
üs aptat from paso formula without odd- 
even torm, 

é indicates slevetion or depression of 
ground stato fron these levelu. 

Ren indieates (p,m) threshold as determined 
in this experiment. 

TI sreu is proton energy rango investi- 
gutede 

А and B are obersötsristio levels dlacuased 
by Hurvitz und Bethe. 
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Selonletes σα 


Sa + б Гог un 10.93 ev 10.15 Меч (ИЗ) 
By + $ Рог 52% 19.3 πον 9,3 Mev (21) 
Table Vel 


Preston (12) has pointed out thet in observing neutron 
energy level spacing the existance of multiplet levels should 
be considered. The multiplets tan be expleined hy tia (if. 
ferant J values which arias from the quantum aschenigal com 
binations of the different allowed velues of tke oroital and 
iatrineic angular momenta of the bombarding perticle, target 
neudleus and emitted particle. or soabuarcing protous with 

Ae O, 1 ená 2 aná for um even ¿even N target isotope 

(225, 1-90) the multiplet multipiiolty omy be as arest as 

5° for un oven 1-044 E target (o, 12 M?) 1% may be ë, 
Henga, Other things being squal, ths ratio of level specing 
of the former to thet of the latter should 5e ebout 1.6, 

It appears to be poxsible for these multiplet levals to 
overlap in such a menner thet eaoh multipiet group is ine 
distinguishable from the others. This multiplet consider- 
stion would sesount for the observeé retie of level spacing 
being greater than unity. It is diffieult to be more qusn- 
titetive because the intensity of tha <ifferent levalas of e 
multiplet group cen be expected Lo very greatizy, some being 
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of such low intensity thet they would be lost in the Беске 
ground. 


3, Thresholds, 

Восацве of the uase-energy scnaervutlion in a nuclear 
reection, the semi-empirical masa formula (72) may be used 
to onioulato the . energy Value of a reaation. The thres- 
hold energy is then readily determined from the . anergy. 
Table V-2 is 2 comparison of the computed threshold snor- 
gies with those measured in this work, and provides а ецеок 


on the sccurscy of the muss formula. 


Besstíon_ Е. [somnuted) | Е (measured) 


се? (роп) led Mev 1.496 мет 
Or9*(»,n) 3.23 2.203 
Table 7-2 


The widest veriation oacurs Гог or” (pn) in which onleu- 
lation the oüd-aven tern of the nass formula occurs twiete 
Рог cr? 3(p, a) this term is zero. However, when one бопе 
Sidera thet l Mey < ¿001074 wetets thia varietion is not 
striking. 


а. HBSS, 


Tf the mess of the tergot nucleua is Known, the mess 
of the residual nucleus ean be determinsé from the thres- 


hold energy cf a (p,n} reaction, 
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RESALE A 
KITTROR YIELD FROM Cr>2(p,n)un?> 


(1) Proton Bnuerey: 1.420-1.626 Mev. 
(2) Froton nergy: 1,620-1.870 
(3) Froton ¿nergys 1.870-2.160 
{4} Proven Energy! 25160-2.470 
Unless otherwise indliseted the 


probable error is lesa then the 
Gianmeter of tha eirolsa, 
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